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a  b  s  t  r  a  c  t
For  microorganisms  that  play an  important  role in  bioremediation,  the  adaptation  to swift  changes
in  the availability  of  various  substrates  is  a  key  for survival.  The  iron-reducing  bacterium  Geobacter
metallireducens  was  hypothesized  to  repress  utilization  of less  preferred  substrates  in the  presence  of
high  concentrations  of  easily  degradable  compounds.  In  our  experiments,  acetate  and ethanol  were
preferred  over  benzoate,  but benzoate  was  co-consumed  with  toluene  and butyrate.  To reveal  overall
physiological  changes  caused  by different  single  substrates  and  a  mixture  of  acetate  plus  benzoate,  a
nano-liquid  chromatography–tandem  mass  spectrometry-based  proteomic  approach  (nano-LC–MS/MS)
was  performed  using  label-free  quantiﬁcation.  Signiﬁcant  differential  expression  during  growth  on  dif-
ferent  substrates  was  observed  for  155  out  of 1477  proteins.  The  benzoyl-CoA  pathway  was  found to
be  subjected  to incomplete  repression  during  exponential  growth  on  acetate  in  the presence  of ben-
zoate  and  on butyrate  as  a single  substrate.  Peripheral  pathways  of toluene,  ethanol,  and  butyrate
degradation  were  highly  expressed  only  during  growth  on  the  corresponding  substrates.  However,
low  expression  of these  pathways  was  detected  in all other  tested  conditions.  Therefore,  G. met-
allireducens  seems  to lack  strong  carbon  catabolite  repression  under  high  substrate  concentrations,
which  might  be advantageous  for  survival  in  habitats  rich  in  fatty  acids  and  aromatic  hydrocarbons.
© 2014  Elsevier  GmbH.  Open access under CC BY-NC-ND license.ntroduction
In the environment, microorganisms are often exposed to mix-
ures of carbon sources, and accurate regulation of their uptake and
etabolism is essential for survival of the ﬁttest. Carbon catabolite
epression (CCR) is an example of such a well-established global
etabolic control of gene regulation in bacteria. It prioritizes the
sage of one carbon source over another, when more than one
s present. This happens via repression of genes responsible for
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723-2020/© 2014 Elsevier GmbH. Open access under CC BY-NC-ND license.degradation of less preferred carbon sources. As a result, bacteria
exhibit high growth rates while utilizing the most energy efﬁcient
carbon substrates [55].
Surprisingly,  it is unclear how gene regulation operates in
the environment, especially in groundwater contaminated with
hydrocarbons. Under such pollution regimes, microorganisms are
exposed to anoxic conditions [10] and high concentrations of
pollutants mixed with naturally occurring [21] or contaminant-
associated organic acids [36]. Therefore, this study aimed to
take a ﬁrst step toward understanding metabolic regulation in
strict anaerobic bacteria relevant for hydrocarbon-contaminated
aquifers.
CCR  has been studied extensively since the early 1940s when
Jacques Monod discovered diauxic growth of Bacillus subtilis
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19,37]. However, only a few studies have addressed CCR in anaer-
bic bacteria. Glucose has been shown to repress utilization of
ylose and lactose in the strict anaerobe Clostridium acetobutylicum
20] and the thermophilic Gram-negative bacterium Thermotoga
eapolitana, respectively [39,54]. Utilization of the aromatic com-
ound benzoate can be repressed, co-utilized or preferred in
acultative anaerobes. For example, in Azoarcus sp. strain CIB ben-
oate consumption is repressed by succinate, malate, and acetate
5], and in Thauera aromatica benzoate is simultaneously utilized
ogether with succinate [51], while it is preferentially consumed
ver succinate in Aromatoleum aromaticum EbN1 [51].
To  the best of our knowledge, there is a lack of informa-
ion on CCR in strictly anaerobic aromatic compound-degrading
icroorganisms, such as Geobacter metallireducens. Iron-reducing
eobacter species are very abundant in Fe(III) rich environments
ontaminated with aromatic hydrocarbons [33]. G. metallireducens
egrades many common petroleum-derived pollutants, including
oluene, phenol, and p-cresol [32]. This bacterium is also capable of
tilizing common fermentation products, such as acetate, butyrate,
nd ethanol [31].
The  aim of the current study was to investigate whether G.
etallireducens could perform preferential consumption of fer-
entation products (acetate, butyrate, and ethanol) over model
romatic compounds (toluene, benzoate) under batch culture con-
itions, and how the presence of sole carbon sources and a mixture
f acetate plus benzoate inﬂuenced the expression of the corre-
ponding pathways. The data obtained were used as a reference for
 subsequent investigation concerning the physiology of G. met-
llireducens under carbon-limiting conditions and extremely low
rowth rates [34].
aterials  and methods
rganism  and cultivation media
G. metallireducens (strain GS-15/ATCC 53774/DSM 7210) was
urchased from the Deutsche Sammlung von Mikroorganismen
nd Zellkulturen GmbH (DSMZ), Germany. Microorganisms were
ultivated under anoxic conditions in a mineral medium (DSMZ
eobacter medium 579) with DSMZ trace element solution SL10
1 mL  L−1) and DSMZ 7 vitamins solution (0.5 mL L−1). Single
ubstrates were added (acetate (5 mM),  benzoate (1 mM),  butyrate
20 mM),  ethanol (20 mM),  and toluene (1 mM))  and Fe(III) citrate
50 mM)  was used as the electron acceptor. For diauxic exper-
ments, the following concentrations were used: 2 mM acetate
lus 0.6 mM benzoate, 2.5 mM acetate plus 0.5 mM toluene,
.3 mM benzoate plus 0.5 mM toluene, 2 mM acetate plus 3 mM
utyrate, 2.5 mM acetate plus 2 mM ethanol, 4 mM butyrate plus
 mM ethanol, 4.5 mM butyrate plus 0.4 mM benzoate, 1 mM
thanol plus 0.5 mM benzoate together with 50 mM Fe(III) citrate
Table 1). All experiments were performed in triplicates, and
0 mL  of medium were dispensed into sterile 100 mL  bottles. The
ottles were ﬂushed with a mixture of N2 and CO2 (80%: 20%) and
ealed with butyl rubber stoppers. When toluene was  used as a
ubstrate, the bottles were sealed with Viton® rubber stoppers.
ll incubations were performed at 30 ◦C in the dark. Growth rate
stimations were based on the concentration of Fe2+ produced.
he inoculation of the single substrate experiments was carried
ut with cells pre-grown on the same substrate used for the
espective experiments. The substrates used for precultivation
f inoculum of the dual substrate experiments are indicated in
able 1. Preliminary experiments showed that the carbon source
sed to cultivate the inoculum did not inﬂuence the substrate
onsumption proﬁle in the experiments with mixed substrates
data not shown). Moreover, in order to determine the inﬂuence ofd Microbiology 37 (2014) 277–286
acetate on expression of the benzoyl-CoA-degrading pathway and
eliminate a possible pre-history in the expression of any pathway,
cells were pre-grown on acetate for at least three generations and
then inoculated into the medium with acetate plus benzoate.
Chemical analysis
Fe2+ was measured using the ferrozine assay according to Braun-
schweig et al. [8].
Acetate  and butyrate were measured by HPLC (Shimadzu, Japan)
on an Aminex HPX87H column (Bio-Rad) with 0.5 mM H2SO4 as a
mobile phase (column temperature: 50 ◦C, ﬂow rate: 0.5 mL min−1,
UV detection at 220 nm). A total of 0.5 mL of sample was treated
with 55 L of 35% perchloric acid, incubated for 10 min  on ice, and
then 27 L of 7 M KOH was added before it was stored at −20 ◦C.
Before the measurements, the samples were thawed at room tem-
perature, centrifuged at 17,900 × g for 2 min  and the supernatant
was ﬁltered through Millipore ﬁlters (Millex-HV, 0.45 m).  Sam-
ples for benzoate measurements were treated with 1 M NaOH (1:10
dilution), incubated on ice for 10 min, and stored at 4 ◦C overnight.
Before the measurements, 80% ethanol was added in a 1:1 ratio
and samples were centrifuged for 2 min  at 20,800 × g. Benzoate was
analyzed on a PFP Kinetex column (Phenomenex Inc., USA). Elution
took place isocratically with 1% acetic acid in Millipore water (sol-
vent A) and 1% acetic acid in methanol (solvent B) (50:50, v:v) at
a ﬂow rate of 0.7 mL min−1 (UV detection at 236 nm). Toluene was
measured by GC–MS, as described elsewhere [4]. Ethanol was mea-
sured by a GC-FID (Hewlett Packard 5890 Series II) equipped with a
30 m VOCOL column, 0.25 mm  inner diameter (Supelco, Bellefonte,
Pennsylvania, USA), a ﬁlm thickness of 1.5 m and operated with
nitrogen as a carrier gas at 1.6 mL  min−1. Sample application was
performed by automated headspace injection of 1 mL  from 10 mL
headspace vials using a CombiPal Autosampler (CTC Analytics),
and an injector temperature of 200 ◦C. The temperature program
started at 80 ◦C (0.3 min), ramp 30 ◦C min−1 to 160 ◦C (3.67 min),
and 60 ◦C min−1 to 200 ◦C (10.33 min).
Proteomic analyses
Cells  were harvested during early exponential batch growth,
except for one biological replicate on acetate plus benzoate where
the proteome was also investigated in the late exponential phase.
Cells were harvested by centrifugation at 3,400 × g for 20 min,
at 4 ◦C; washed once with 1× phosphate buffered saline (PBS)
consisting of (per liter) NaCl (8 g), KCl (0.2 g), KH2PO4 (0.24 g),
and Na2HPO4 (1.44 g). Washed cells were centrifuged again at
15,300 x × g for 1 min  at 4 ◦C. Proteins for proteomic analyses were
extracted by lysis buffer (2% sodium dodecyl sulfate (SDS), 20 mM
Tris/HCl, pH 7.5) with sonication. The cell pellet was dissolved
in SDS–lysis buffer and shaken for 5 min  at 60 ◦C at 1400 rpm in
Eppendorf thermomixer comfort. Then, 20 mM Tris/HCL pH 7.5
buffer with 1 L mL−1 benzonase (Novagen) (added directly before
use), 0.1 mg  mL−1 MgCl2, and 1 mM phenylmethylsulfonyl ﬂuoride
(PMSF) were added. Sonication was  applied twice for 1 min  (0.3 s
per pulse, 30% duty) (ultrasonic processor UP50H, Hielscher Ultra-
sonics, Germany) with sample cooling on ice between the rounds.
Protein  concentration was determined using the Bradford pro-
tein assay (Bio-Rad) with bovine serum albumin as the standard
[7].
For one-dimensional gel electrophoresis, 50 g of protein
extract were precipitated with a ﬁve-fold volume of ice-cold ace-
tone and resuspended in a loading buffer [29]. Acrylamide gels
(12%) were stained with colloidal Coomassie Brilliant Blue G-250
(Roth, Kassel, Germany). The lanes of separated proteins were cut
into ﬁve slices and digested over night at 37 ◦C with trypsin [25].
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Table  1
Batch  experiments using dual substrate mixtures with indication of the type of consumption.a
Pre-grown substrate Co-substrate Type of consumption Lag phase (h)
Acetate (2.5 mM)  Toluene (0.5 mM)  Preferential 13
Acetate (2 mM) Benzoate (0.6 mM) Preferential None
Benzoate (0.3 mM)  Toluene (0.5 mM)  Simultaneous None
Butyrate (3 mM)  Acetate (2 mM)  Preferential None
Ethanol (2 mM)  Acetate (2.5 mM)  Preferential None
Butyrate (4 mM)  Ethanol (2 mM)  Simultaneous None
Butyrate (4.5 mM)  Benzoate (0.4 mM)  Simultaneous None
Benzoate (0.5 mM)  Ethanol (1 mM)  Preferential 36
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aa Substrates in bold are the preferred substrates.
rotein identiﬁcation
Biological triplicates were investigated per condition and each
iological sample was analyzed in two technical replicates. Pep-
ides were analyzed by UPLC-LTQ Orbitrap-MS/MS as described
n Bastida et al. [6]. The peptides were eluted over 50 min  with
 gradient of solvent B (8–40% acetonitrile). Continuous scan-
ing of eluted peptide ions was carried out between a m/z range
f 300–1600, automatically switching to MS/MS  CID mode when
ons exceeded an intensity of 3000. Identiﬁcation was performed
ith MaxQuant (v. 1.2.2.5) [11] and its built-in database search
lgorithm Andromeda [12] using annotated protein sequences of
. metallireducens GS-15 (Uniprot, May  2011). Five gel slices of
 single gel band were deﬁned as one experiment for LFQ cal-
ulations. Settings were the following: peptide modiﬁcations of
ethionine oxidation as variable and cysteine carbamidomethy-
ation as ﬁxed. Further settings were: ﬁrst search ppm of 20, main
earch ppm of 6, maximum number of modiﬁcations per peptide
, maximum missed cleavages 2 and a maximum charge for the
eptide of 6. Parameters for identiﬁcation were a minimum pep-
ide length of ﬁve amino acids, a false peptide discovery rate of
%, proteins and level of modiﬁcation sites of 1%. A minimum of
ne unique peptide was  required for protein identiﬁcation. As has
een mentioned elsewhere [15], some proteins only have one tryp-
ic peptide that can be detected by mass spectrometry (MS). Apart
rom unmodiﬁed peptides, only peptides with oxidized methionine
nd carbamidomethylized cysteine were used for quantiﬁcation.
nly unique or razor peptides were chosen for use in quantiﬁcation.
iscellaneous settings switched on were: re-quantify, keep low
coring versions of identiﬁed peptides, match between runs (time
indow of 2 min), label-free quantiﬁcation and second peptides.
urthermore, label-free quantiﬁcation was performed on protein
ntensities that were the summary of all peptide intensities per pro-
ein, where peptide intensities were the peak areas of the respective
asses in MS.
tatistical analysis
ormalization
After  log-transformation, all individual batch cultures exhibited
pproximately normal intensity distributions. Deviations of distri-
utions between replicate substrate conditions were mostly due to
ifferences in the mean or variance. Protein intensity was normal-
zed by matching mean x¯j and standard deviation j for each batch
 by transforming measurements for each x′
i,j
:
′ = (xi,j − x¯j) + x¯ (1)i,j j
here x¯ and   correspond to the mean and standard deviation
cross all proteins i and substrate conditions j, respectively.Determination and clustering of differentially expressed proteins
After  normalization, a one-way analysis of variance (ANOVA)
was applied for each protein in order to determine signiﬁcant
differences in expression between the six groups (=growth condi-
tions) of three biological replicates each. Subsequently, conditions
where proteins exhibited signiﬁcant differential expression were
identiﬁed via pairwise t-tests. Both statistical tests quantify the
signiﬁcance of differential expression events via p-values that, in
the case of large-scale datasets, need to be corrected for multiple
testing to distinguish true discoveries from false random positive
events. The p-values from ANOVA and the t-test were uniformly
corrected by transforming them into respective false discovery
rates (FDRs, i.e. the percentage of proteins with signiﬁcant expres-
sion by chance) based on random permutations of the protein
expression data. Each protein-speciﬁc expression proﬁle vector
was randomized a hundred times and ANOVA, as well as the t-test,
were applied to the 100 randomized datasets, as described above.
For each p-value derived from the measured data, 100 p-values
were derived from the permuted data. Then, a given p-value derived
from measured data was  transformed via FDR = (100 × number of
false positives)/(number of permutations × number of true posi-
tives), where true and false positives referred to the number of
p-values computed from measured and permuted data, respec-
tively, that were less than or equal to the given p-value. This
approach to FDR calculation was  adapted from signiﬁcance analysis
of microarrays [52] and was described in detail in [24]. Subse-
quently, a FDR threshold of 5% was  applied in order to identify
differentially expressed proteins and corresponding pairs of con-
ditions. Six growth conditions resulted in 15 pairwise t-tests for
each protein.
Correspondence analysis
Correspondence analysis was  conducted in order to visualize
similarities between the conditions. A two dimensional plot (drawn
by the software PAST [22]) depicted differentially expressed pro-
teins as identiﬁed by ANOVA for each of the six conditions. The
visualization measured the similarities between all data points
based on Eigen-values of Chi-squared distances [22].
Hypergeometric test
Pathways  enriched in differentially expressed proteins were
identiﬁed by the hypergeometric test. Enrichment can be quan-
tiﬁed via p-values based on the assumption of hypergeometric
distribution as adapted from GO-analysis strategies [3,16]. More
speciﬁcally, given a pathway  and a pair of growth conditions a
and b, the hypergeometric test estimates the signiﬁcance of observ-
ing among the K pathway proteins k or more proteins that are
signiﬁcantly up-regulated in condition a compared to condition b.
For the purpose of representation, the p-values derived from the
hypergeometric distribution were transformed into z-scores via the
inverse cumulative distribution function.
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ierarchical regulation analysis of the TCA cycle
Hierarchical regulation analysis determines to what extent
hanges in ﬂux through an enzyme, due to an environmen-
al perturbation (in this case, growth on different substrates),
re explained by changes in enzyme concentration (hierarchical
egulation; quantiﬁed by the so-called hierarchical regulation coef-
cient h) and by changes in the interaction of the particular
nzyme with its substrate (products, effectors) (metabolic regula-
ion; quantiﬁed by the metabolic regulation coefﬁcient m) [43,50].
or detailed mathematical derivation of the framework of hier-
rchical regulation analysis, including Eqs. (2) and (3) below, we
eferred to ter Kuilr and Westerhoff [50].
The hierarchical regulation coefﬁcient h corresponds to the
elative change in the concentration of an enzyme ei upon a per-
urbation divided by the relative change of ﬂux J due to the same
nzyme ei, according to Eq. (2) [50]:
h =
 ln ei
 ln J
(2)
In  Eq. (2), delta () indicates the difference between two states.
h is easily determined as the slope of a double logarithmic plot
f the concentration of enzyme ei against the corresponding ﬂux J
hrough the same enzyme for a number of conditions (in this case,
rowth on different substrates) [50]. Based on the summation the-
rem derived in ter Kuile and Westerhoff [50] and shown in Eq. (3),
nce the hierarchical regulation coefﬁcient has been obtained, the
etabolic regulation coefﬁcient can be calculated easily:
h + m = 1 (3)
Thus,  a major advantage of hierarchical regulation analysis is
hat it allows this regulation to be differentiated from metabolic
egulation without requiring any information on intracellular
etabolite concentrations and kinetic parameters.
In the current study, the enzyme concentration ei was
epresented by normalized averaged protein abundances (Supple-
entary Table S5) measured at maximum speciﬁc growth rates
max, h−1). The ﬂux J due to the enzyme was calculated based on
he turnover of the intermediate metabolite acetyl-CoA (the ﬁrst
entral intermediate in the degradation of all ﬁve carbon sources
tudied here, and the compound entering the TCA cycle) as:
 = max
Y
(4)
here  J is the ﬂux [mmol  acetyl-CoA cell−1 h−1], and Y is the
ield of acetyl-CoA [cells mmol−1 acetyl-CoA consumed]. max was
etermined during the exponential phase. Y was measured in the
tationary phase; however, the biomass was primarily formed dur-
ng the exponential phase, thus allowing ﬂux J to be derived from
max and Y according to Eq. (4). Y is expressed as cells L−1 in the
tationary phase divided by mmol  L−1 acetyl-CoA equivalents con-
umed in the same phase. Calculations of amounts of acetyl-CoA
quivalents consumed were based on the amount of Fe2+ produced
n the stationary phase, the stoichiometric equations for butyrate,
cetate, ethanol, benzoate and toluene degradation coupled to Fe2+
roduction (Eqs. (5)–(9)), and the stoichiometry of substrate degra-
ation to acetyl-CoA on the basis of known metabolic pathways (1
ole each of butyrate, acetate, ethanol, benzoate and toluene are
onverted into 2, 1, 1, 3, and 3 mole of acetyl-CoA, respectively.).
utyrate : C4H7O2− + 20Fe3+ + 10H2
O → 20Fe2+ + 4HCO − + 23H+ (5)3
cetate  : C2H3O2− + 8Fe3+ + 4H2
O → 8Fe2+ + 2HCO3− + 9H+ (6)d Microbiology 37 (2014) 277–286
Ethanol : C2H6O + 12Fe3+ + 5H2
O → 12Fe2+ + 2HCO3− + 14H+ (7)
Benzoate  : C7H5O2− + 30Fe3+ + 19H2
O → 30Fe2+ + 7HCO3− + 36H+ (8)
Toluene  : C7H8 + 36Fe3+ + 21H2
O → 36Fe2+ + 7HCO3− + 43H+ (9)
It is assumed that nearly all substrate enters the TCA cycle, as
experimentally observed for acetate, and 90% is degraded [49].
h values were obtained using Kaleidograph software. Values
close to 1 indicated the importance of hierarchical regulation, while
h close to zero indicated the importance of metabolic regulation of
ﬂux changes due to an enzyme. Moreover, hierarchical coefﬁcients
with negative values indicated an antagonistic effect between the
changes in the enzyme concentration and changes in the ﬂux due
to an enzyme (with a ﬂux increase the enzyme concentration
decreases) [43].
Results
Utilization  of substrate mixtures
G. metallireducens was cultivated on various combinations of
two substrates in order to determine the utilization patterns of
substrate mixtures (Table 1).
During preferential substrate utilization in a mixture, the ratio
of the consumption rate of the preferred substrate over that of the
repressed one was assumed to be higher than the ratio of speciﬁc
consumption rates exhibited by G. metallireducens on the respec-
tive single substrates (see supplementary material). In the mixture,
the ratio of the consumption rates of acetate over that of toluene or
benzoate (587.5 and 17.2, respectively) was  higher than the ratio
of their respective speciﬁc consumption rates when used as sole
substrates (20 and 4.4, respectively) (Fig. 1A and B, Supplementary
Table S2). These results supported the observed inhibition of ben-
zoate and toluene utilization in the presence of acetate (Fig. 1A and
B). Acetate inhibited consumption of benzoate to a lesser extent
than that of toluene, and once acetate was  depleted, benzoate uti-
lization started immediately (Fig. 1A). In contrast, there was  a lag
phase of thirteen hours between the depletion of acetate and the
start of toluene consumption (Fig. 1B). In a mixture of benzoate
and toluene, the two substrates were consumed simultaneously
(Fig. 1C, Supplementary Table S2).
Among the other substrate mixtures tested, ethanol had a
distinct repressing effect on acetate and benzoate consumption,
whereas it was co-metabolized with butyrate (Supplementary Fig.
S1B, S1D, and S1C). Additionally, butyrate and benzoate were con-
sumed simultaneously (Supplementary Fig. S1E).
Differential analysis of proteins expressed on different substrates
by  G. metallireducens
LC–MS/MS analysis of proteomes of cells incubated on ﬁve indi-
vidual carbon sources (acetate, benzoate, butyrate, ethanol, and
toluene) and a mixture of two substrates (acetate plus benzoate)
detected a total of 1477 proteins out of 3519 predicted for G. met-membrane proteins [58] (Supplementary Fig. S2).
Out  of all proteins detected, 155 were differentially expressed
(false discovery rate (FDR) <5%; Supplementary Table S3). Corre-
spondence analysis of their relative abundances revealed a clear
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fig. 1. Substrate consumption by G. metallireducens in batch cultures with acetat
ndicate the standard deviations of three replicates. Arrows represent the sampling
eparation of the ﬁve different single substrate growth conditions
Fig. 2). For the mixed substrate growth condition (acetate plus
enzoate), the proteomes of cells in the early exponential phase
losely resembled those observed during growth on acetate or
ere between proteomes of cells grown with acetate and ben-
oate, whereas the proteomes of cells in the late exponential phase
ig. 2. Correspondence analysis on the basis of the abundances of 155 differen-
ially  expressed proteins for the various substrates on which G. metallireducens was
rown. The two  axes with the highest Eigen-values represent 46% of the variance.
ymbols  depict the different growth substrates: , ethanol; , toluene; ,
cetate  plus benzoate (early exponential phase, acetate consumption); , acetate
lus  benzoate (late exponential phase, all acetate consumed); , benzoate; ,
utyrate;  , acetate. Normalized data used for correspondence analysis can be
ound in Supplementary Table S5. benzoate (A), toluene plus acetate (B), and toluene plus benzoate (C). Error bars
for proteomic analysis: a, early exponential phase; b, late exponential phase.
showed high similarity to the proteomes during growth on ben-
zoate only (Fig. 2).
All  differentially expressed proteins were partitioned based
on the chromosomal location of their corresponding genes,
thus revealing distinct genomic regions (located at gene coor-
dinates 1723k–1742k, 1843k–1942k, and 2017k–2423k) coding
for toluene, butyrate or benzoate-degrading proteins, respectively
(Fig. 3 and Supplementary Table S4). The majority of highly abun-
dant proteins in the clusters were involved in the degradation of the
corresponding carbon source(s) (Fig. 3 and Supplementary Table
S4). However, most of these proteins were also detected at low
levels during exponential growth on the other substrates (Sup-
plementary Table S5). The remaining 56 differentially expressed
proteins that were not associated with the above genomic regions
were compiled into a fourth cluster named ‘other’.
Toluene cluster
All  thirteen proteins assigned to this cluster obtained high-
est abundances during growth on toluene. The cluster contained
enzymes involved in -oxidation of benzylsuccinate to benzoyl-
CoA (BbsABCD and BbsEFGH) [9], and other products of the genomic
toluene degradation island [9], such as electron transfer ﬂavopro-
teins (Gmet 1525-Gmet 1527) and a protein with ATPase activity
(Gmet 1537), which is 82.5% similar to chaperone-like ATPase
(BssE) of A. aromaticum and might be required for functioning of
benzylsuccinate synthase [27].
Benzoate cluster
Most  of the 35 proteins assigned to this cluster were relatively
highly abundant during exponential growth on benzoate, toluene,
and butyrate, in comparison to acetate and ethanol (Fig. 3, Supple-
mentary Table S4). Proteins with increased abundances during the
early exponential growth on the mixture of acetate plus benzoate
were related to benzoyl-CoA degradation (e.g. Gmet 2151-2153,
Gmet 2074). During the late exponential phase, besides benzoyl-
CoA degradation (e.g., Gmet 2151-2153), fatty acids-degrading
282 S. Marozava et al. / Systematic and Applied Microbiology 37 (2014) 277–286
Fig. 3. Heat map  representing the clustering of differentially expressed proteins on a mixture of acetate plus benzoate and ﬁve single substrates (acetate, benzoate, butyrate,
ethanol, and toluene), as indicated below the map. The gene coordinates are indicated on the right hand side of the ﬁgure. Hierarchical cluster analysis was applied to each
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Ac  + Benz) is indicated below the condition name. (For interpretation of the referen
e.g. Gmet 2075, Gmet 2058-2059) and TCA cycle-related proteins
Gmet 2068-2069) were also enhanced (Supplementary Table S4).
uccinyl:benzoate coenzyme A transferase (Gmet 2054) [40] was
etected at signiﬁcantly higher abundance only on benzoate com-
ared to all other conditions, including the mixture of acetate and
enzoate (Supplementary Table S4).
utyrate cluster
Most  of the butyrate-degrading proteins were abundant only
ith butyrate as a substrate (Fig. 3).
rotein cluster ‘other’
This  cluster contained proteins related to various functions
Supplementary Table S4), including enzymes related to ethanol
egradation and the TCA cycle. The putative ethanol dehy-
rogenase (Gmet 1046) and aldehyde:ferredoxin oxidoreductase
Gmet 1045), which have high similarities to proteins putatively
nvolved in ethanol degradation in Pelobacter carbinolicus [2], had
he highest abundances on ethanol. Butyrate induced expression of
wo proteins from the TCA cycle, citrate synthase (Gmet 1124) and
uccinyl:acetate coenzyme A transferase (Gmet 1125), and theys (i.e. calculated based on the protein’s mean and standard deviation) in the range
re taken from early or late exponential phase on a mixture of acetate plus benzoate
 color in this ﬁgure legend, the reader is referred to the web version of the article.)
have also been suggested to be involved in propanoate utilization
[1].
Differential analysis of catabolic pathways
A hypergeometric test revealed that single substrate growth
conditions were characterized by differential expression of sev-
eral peripheral degradation pathways (Fig. 4). For example, toluene
induced signiﬁcantly higher expression of the toluene-, benzoate-,
and phenol-degrading pathways compared to acetate plus ben-
zoate, acetate, and ethanol (Fig. 4E). Butyrate led to a signiﬁcant
increase not only in enzyme levels of the butyrate-degrading path-
way but also in enzyme levels of the benzoate and propanoate
pathways, compared to acetate plus benzoate, acetate, and ethanol
(Fig. 4C).
Hierarchical regulation analysis of the TCA cycleHierarchical regulation analysis [50] was employed in order to
quantify to what degree changes in the ﬂux due to the enzymes of
the TCA cycle, in response to growth on different substrates, were
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Fig. 4. Catabolic pathways expressed during growth on various substrates and representation of pairwise comparisons between the various growth conditions based on the
metabolic  pathways expressed. The x-axis represents the extent of relative expression of the catabolic pathways listed on the y-axis during the growth condition designated
in  the graph title (A–E) relative to another growth condition presented by the respective curve: , acetate plus benzoate; , acetate; , benzoate;
, butyrate; , toluene; and , ethanol. Pathways with z-scores >4 (indicated by a vertical solid line) were considered to be signiﬁcantly more abundant on one
condition (A–E) relative to another (colored symbols). For example, in panel A, the benzoyl-CoA pathway (depicted on the y-axis) has z-score values >4, which indicates that
the  expression of this pathway is signiﬁcantly higher on acetate plus benzoate (panel title A) compared to acetate (red line). aProteins taken for hypergeometric analysis
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egulated by hierarchical changes in the expression levels of the
CA enzymes, as well as by changes in the interaction between
etabolites and the TCA enzymes.
Most of the calculated hierarchical coefﬁcients (h) for enzymes
f the TCA cycle were close to zero and/or had negative values
Table 2), revealing a dominant role of metabolic regulation [43].
hus, the hierarchical analysis suggested that changes in the ﬂux
hrough the TCA enzymes as a result of growth on different sub-
trates did not require substantial changes in the expression of
hese enzymes, but were due to changes in metabolite concentra-
ions and their interaction with enzymes.
iscussion
s the benzoyl-CoA pathway repressed by aliphatic acids and
lcohols  in G. metallireducens?
The  current study revealed that G. metallireducens did not uti-
ize aromatic hydrocarbons in the presence of high concentrations
f easily degradable substrates, such as acetate and ethanol. Similar
bservations have been made for other environmentally relevant
icroorganisms, such as the aerobic bacteria Acinetobacter baylyi
59], Pseudomonas putida [38] and Pseudomonas stutzeri A1501 [30],
nd the facultative anaerobe Azoarcus sp. strain CIB [5]. Preferen-
ial utilization of ethanol has been reported for BTEX degraders in
erobic and anaerobic microcosm experiments [13,44]. Although
referential utilization of benzoate over acetate or succinate has
een reported [35,51], the repression of aromatic compound degra-
ation by acetate and ethanol seems to prevail in a wide range of
icroorganisms, including G. metallireducens.
It is commonly assumed that the benzoyl-CoA pathway is
epressed when Geobacter species are grown on acetate as the
ole source of carbon [9,45,53,56]. The current study showed that
uring exponential growth in batch culture on acetate in the
resence of benzoate the repression of the benzoyl-CoA pathway
eemed to be less pronounced. This led to the observed readi-
ess of the cells to degrade benzoate as soon as the repressor
acetate) was consumed (Fig. 1A). The signiﬁcant expression of the
enzoyl-CoA pathway in the presence of acetate suggested that
enzoate entered the cell and induced expression of the path-
ay. To prove this hypothesis, increased expression of benzoate
ransporters needs to be detected during growth on acetate plus
enzoate. However, the annotation of benzoate transporters for G.
etallireducens has not been conﬁrmed to date [1,9,23]. Amongerpretation of the references to color in this ﬁgure legend, the reader is referred to
the putative transporters of aromatic hydrocarbons (Gmet 1534-
Gmet 1537) [1], only Gmet 1535 was found to be expressed in
all biological replicates on acetate plus benzoate (Supplemen-
tary Table S5). However, this protein is probably associated with
toluene consumption as it was signiﬁcantly more abundant only
on toluene compared to all other conditions (Supplementary Table
S4). Moreover, constitutive expression of benzoate transporters
might be enough to induce the benzoyl-CoA degrading path-
way.
Another important ﬁnding was  the absence of signiﬁcant
expression of benzoyl-CoA ligase (Gmet 2143) during growth on
benzoate. Instead, an alternative protein for the ﬁrst step of
benzoate degradation, succinyl:benzoate coenzyme A transferase
(Gmet 2054) [40], was signiﬁcantly more abundant on benzoate
compared to all other conditions. The average abundance of this
protein was ﬁfty-seven times higher than that of benzoyl-CoA
ligase on benzoate (Supplementary Table S5). Although the trans-
cripts of the genes encoding both enzymes were found to be
up-regulated on benzoate compared to acetate in the study of But-
ler et al. [9], our proteomic approach suggested that the transfer
of CoA was preferred over ligation to benzoate as it is less energy
demanding [40]. Among the tested growth conditions, the abun-
dance of this protein was the highest on benzoate and on acetate
plus benzoate during the late exponential phase in batch culture.
Therefore, although the benzoyl-CoA pathway was  found to be
under weak carbon catabolite control in G. metallireducens, the sig-
niﬁcant expression of the protein responsible for the ﬁrst step of
benzoate degradation depended only on the presence of the respec-
tive substrate.
Expression of catabolic pathways in G. metallireducens grown on
single substrates at high concentrations in batch culture
As  expected, under conditions of carbon excess, enzymes
conducting the ﬁrst steps in substrate degradation were highly
abundant in the presence of the corresponding substrates. How-
ever, enzymes catalyzing downstream reactions of substrates
degradation were frequently found to be present during growth
on other substrates, for example, benzoyl-CoA-degrading enzymes
were detected not only on aromatic compounds but also on
butyrate, acetate, and ethanol. Detection of proteins carrying out
downstream reactions of aromatic compound degradation can be
explained by weak carbon catabolite control of these proteins.
284 S. Marozava et al. / Systematic and Applied Microbiology 37 (2014) 277–286
Table 2
Hierarchical regulation coefﬁcients h for enzymes of the TCA cycle; h can take any value between −1 and 1. Standard errors were calculated between six growth conditions.
Gene name Enzyme h Standard error
Gmet 2689 Citrate synthase 0.005 0.240
Gmet  2763 Aconitase −0.086 0.093
Gmet  1016 Aconitase −0.003 0.055
Gmet 1912 Aconitate hydratase 2 −0.044 0.144
Gmet 1359 Isocitrate dehydrogenase [NADP] −0.157 0.199
Gmet  2769 2-oxoglutarate dehydrogenase E1 component −0.142 0.157
Gmet  1362 2-oxoglutarate ferredoxin oxidoreductase, alpha subunit 0.113 0.318
Gmet  1363 2-oxoglutarate ferredoxin oxidoreductase, beta subunit 0.216 0.202
Gmet  1364 2-oxoglutarate ferredoxin oxidoreductase, gamma  subunit −0.337 0.209
Gmet 2068 Succinyl-CoA ligase [ADP-forming] subunit alpha −0.631 1.127
Gmet 0730 Succinyl-CoA ligase [ADP-forming] subunit alpha −0.019 0.152
Gmet  0729 Succinyl-CoA ligase [ADP-forming] subunit beta 1 −0.090 0.109
Gmet  2397 Succinate dehydrogenase subunit C −0.465 0.221
Gmet  2396 Succinate dehydrogenase subunit A −0.401 0.168
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The coordinated expression of the peripheral catabolic proteins
escribed here can be partially explained by the co-localization of
he respective genes on the genome (Fig. 3) [42]. Genes coding for
oluene, butyrate, and benzoyl-CoA-degrading pathways occupy
istinct sections on the chromosome. In addition to expected co-
xpression of aromatic-degrading pathways on toluene, the current
tudy revealed unexpected co-expression of the benzoyl-CoA and
utyrate-degrading pathways on butyrate (Figs. 3 and 4). Such co-
xpression was not observed on benzoate. This might suggest that
utyrate-derived metabolic intermediates can also participate in
he induction of the benzoyl-CoA-degrading pathway leading to
he simultaneous consumption of benzoate and butyrate.
Co-metabolism of aromatic compounds is widespread among
icroorganisms [18]. For example, several xenobiotic-degrading
athways were found to be co-expressed in P. putida CB55 [57],
ycobacterium aromativorans JS19b1 [46] and A. aromaticum EbN1
28]. Co-expression of other aromatic-degrading proteins (involved
n p-cresol and phenol) on benzoate has been shown previously
41,45] for G. metallireducens. However, co-expression of benzoate-
egrading and butyrate-degrading pathways during growth on
utyrate has not yet been reported. Therefore, not only reported
romatic inducers, such as benzoate, phenol, and p-cresol [26], but
lso the fatty acid butyrate can activate the transcriptional regula-
ors of benzoate degradation.
entral  pathways and their regulation
In G. metallireducens, the TCA cycle is an important pathway
hrough which 90% of carbon ﬂux is channeled [49]. During acetate
mendment in the ﬁeld, high ﬂuxes through the TCA cycle were
ound to correspond to high abundances of the TCA cycle proteins
17]. Similarly, in our study, highly abundant enzymes of the TCA
ycle were also found. However, in contrast to Fang et al. [17],
t was not possible to identify high abundances of citrate syn-
hase (Gmet 1124) and succinyl:acetate coenzyme A transferase
Gmet 1125) under all conditions tested. According to our results
Supplementary Table S4), it appeared that in batch culture G.
etallireducens primarily involves these enzymes in butyrate con-
umption, whereas in the environment, all homologues citrate
ynthases (Gmet 1124 and Gmet 2689) and succinyl:acetate coen-
yme A transferases (Gmet 1125 and Gmet 3044) are activated
uring acetate amendment [17].
G. metallireducens was predicted to contain futile cycles of ATP
onsumption in its central metabolism [48]. Based on microarray
ata of G. metallireducens cultivated in acetate and benzoate-
imited chemostats [9], Sun et al. concluded that G. metallireducens
p-regulates energy-inefﬁcient ATP-consuming reactions during−0.066 0.207
0.037 0.058
0.305 0.265
growth on carbon sources, such as benzoate [48]. In the current
study, only acetyl-CoA hydrolase (Gmet 2054) (later annotated
as succinyl:benzoate coenzyme A transferase [40]) was found to
be signiﬁcantly expressed on benzoate. However, according to
Oberender et al. [40], the latter enzyme is associated with benzoate
activation rather than with participation in futile cycles. Therefore,
in contrast to carbon limitation in chemostats, G. metallireducens
does not restrict its growth via energy-inefﬁcient reactions on com-
plex substrates, such as benzoate or toluene, during exponential
growth in batch culture. Obviously, such a strategy is important for
providing fast growth rates and high biomass yields.
As  expected, the activating reactions of toluene, ethanol, and
butyrate degradation are regulated by changes in the correspond-
ing enzyme levels. In contrast, changes in the ﬂux through the
enzymes of central metabolism (the TCA cycle), in response to
growth on different substrates, are primarily regulated by changes
in metabolite concentrations, rather than by changes in gene
expression. The advantages of metabolic regulation of the TCA cycle
for G. metallireducens are a reduction in energetic costs, as protein
synthesis is ATP demanding [47], and the provision of plasticity in
the physiological response to environmental changes.
In  conclusion, the current study revealed that under high sub-
strate concentrations G. metallireducens preferred utilization of
the easily degradable substrates acetate and ethanol over ben-
zoate. However, at the protein expression level acetate did not lead
to strong repression of the expression level of the benzoyl-CoA
pathway. Moreover, the short chain fatty acid butyrate might be
involved in the activation of the benzoyl-CoA pathway and prepare
microorganisms for degrading aromatic compounds in polluted
environments. Therefore, it is concluded that G. metallireducens is
well-adapted to habitats rich in aromatic compounds and fermen-
tation products, such as fatty acids and ethanol.
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